Membrane potentials were recorded from a region of the left atrium close to the interatrial septum and from an atrial appendage. Pacemaker activity was induced after exposure to Ba 2 + . • Two populations of fibers can be separated in the adult mammalian heart by physiological, biochemical, and anatomical differences: one consists of fibers of the system generating and conducting impulses and the other by fibers of the contractile system, the atrial and ventricular myocardium, which remain quiescent until driven by other fibers or exogenous stimuli. However, the anatomical differentiation of cardiac muscle fibers is
trical stimulation for 5 sec at 1/sec to left atria showing automaticity produced bradycardia followed by tachycardia. Bradycardia was abolished by atropine; tachycardia was suppressed by propranolol and previous treatment with reserpine. At zero [Ca 2 + ]o, threshold concentrations of Ba 2+ for inducing automaticity were lower than those at normal [Ca 2+ ]o. Ba 2 + markedly prolonged the action potential plateau in solutions deprived of Ca 2 + . The size of the overshoot was increased and the rise time was shortened despite a significant reduction in the resting potential. Ba 2+ partly restored atrial contractility abolished at zero [Ca 2+ ]o. Each electrical discharge evoked an individual contraction, and a sufficiently fast discharge led to summation of the contractions. Pacemaker activity induced by Ba 2+ was suppressed by adding Ca 2+ and Mg 2 + . The threshold potential was raised by Ca 2+ and Mg 2 + . Threshold concentrations of Ba 2+ for inducing automaticity were not influenced by previous treatment with reserpine.
It is postulated that Ba 2+ antagonizes the movement of K + across the membrane, resulting in a decrease in the resting potential and a prolongation of the action potential duration, and that Ba 2+ serves as a current-carrying ion at zero [Ca 2+ ]o. It seems unlikely that cardiac norepinephrine participates in pacemaker activity induced by Ba 2 + .
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• Two populations of fibers can be separated in the adult mammalian heart by physiological, biochemical, and anatomical differences: one consists of fibers of the system generating and conducting impulses and the other by fibers of the contractile system, the atrial and ventricular myocardium, which remain quiescent until driven by other fibers or exogenous stimuli. However, the anatomical differentiation of cardiac muscle fibers is not always important in determining whether they function as pacemakers or not. In fact, it has been shown that nonpacemaker myocardial fibers show pacemaker activity under some experimental conditions, including exposure to a sufficient amount of Ba 2+ (1) (2) (3) , to a solution deprived of K + and of Ca 2+ (4) , and to a solution containing normal ion constituents after long soaking of preparations in a K + -free solution (5) . Pacemaker activity induced in the atrial and ventricular myocardium is believed to result from a decrease in the K + conductance (6) , from an increase in the Na + conductance and a decrease in the K + conductance (4), or from a reduction in the [K + ]i (intracellular concentration of K + ) (5) . Trautwein (7) has proposed that the conditions for pacemaker activity naturally occur-
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TODA
Right atrium
Left atrium ring in specialized tissues of the heart are characterized by a relatively large Na + resting current and a decrease in the K + conductance during diastole.
Here the effects of Ba 2 + on left atrial preparations isolated from normal rabbits exposed to various concentrations of Ca 2 + and Mg
2+
and those from rabbits previously treated with reserpine were studied. The purpose of the present work was (a) to quantify alterations in the membrane potential of the atrial myocardium when [Ba 2+ ]o (extracellular concentration of Ba 2+ ) was raised until pacemaker activity was induced, (b) to learn differences in susceptibility of various regions of the myocardium to Ba Methods Thirty-two albino rabbits of either sex, weighing 1.8 to 2.2 kg, were used. Under ether anesthesia the animals were killed by exsanguination from both common carotid arteries. The heart was removed and the ventricles were discarded. In warmed, oxygenated bathing solution, the left atrium was separated from the right along the interatrial septum as illustrated in Figure 1 . Specialized tissues were excluded from the left atrium. The isolated left atrial preparation was fixed horizontally between hooks under a resting tension of 300 to 450 mg (endocardial surface uppermost) in a muscle chamber of 60-ml capacity in which the bathing solution was maintained at 30 ± 0.5°C and gassed with a mixture of 95% O L ,-5% CCs. The cut end of the left atrium was fixed by two hooks connecting to an electronic stimulator. Two hooks anchoring the atrial appendage were connected to the lever arm of a force-displacement transducer (Nihonkoden Kogyo Co. Six rabbits were treated for 2 consecutive days with an intravenous dose of reserpine, 0.5 mg/kg; they were killed 16 to 20 hours after the second injection. Both right and left atrial preparations were provided. Depletion of functional norepinephrine from atrial tissues by the reserpine treatment was confirmed by testing the positive chronotropic response of the spontaneously beating right atrium to Tyramine in a concentration of 2 X 10~5 g/ml. In preparations isolated from rabbits previously treated with reserpine, the spontaneous rate was accelerated only by 5 ± 1 beats/min (n = 6) by Tyramine from 73 ± 6 beats/min before Tyramine, whereas the rate was accelerated by 72 ± 5 beats/min (n = 6) from 81 ± 5 beats/min in preparations isolated from rabbits not given reserpine. The left atrium isolated from reserpine-treated rabbits was fixed between hooks in the same way as that described above.
Unless spontaneous activity was induced, the left atrial preparation was driven electrically by a train of 3-msec rectangular pulses of supramaximal intensity (about twice the minimum intensity to produce the maximum force of contraction) applied at a frequency of 1/sec, unless otherwise mentioned. Electrical stimuli were provided by a Sanei type ES-103-Z pulse generator.
Transmembrane potentials of the left atrium were recorded by a floating microelectrode. The 47 membrane potential was recorded from a VC-7 oscilloscope (Nihonkoden Kogyo Ck).) on moving film at speeds of 5 and 10 cm/sec. Parameters of the membrane potential measured were (a) maximal diastolic potential or resting potential, (b) threshold potential, (c) overshoot, (d) durations of the action potential at the level of 10% and 90% action potential amplitude (maximal diastolic potential + overshoot, termed 10% duration and 90% duration in the remainder of this report), and (e) the rise time of the action potential, defined as a duration between the foot of the action potential upstroke and the top of the potential. The membrane potential and the contractile force were displayed simultaneously on a two-channel penwriter (Sanei Sokki Co.).
The left atrium was divided into three regions as shown in Figure 1 . An area close to the interatrial septum will be called S-region and a part of the atrial appendage will be called Aregion in this report. Parameters of the membrane potential recorded from the S-and the A-region were compared in the control solution and when Ba Reserpine (Dainippon Seiyaku Co.), Tyramine hydrochloride, dZ-propranolol hydrochloride and atropine sulfate were used. Concentrations of the drugs were expressed as grams per milliliter of the salts.
Results
Automaticity Induced by Ba-+
Barium ions in concentrations ranging from 1 to 4 DIM induced spontaneous activity in all of 21 left atrial preparations from which specialized tissues were excluded. The incidence of automaticity and the latency for inducing automaticity are summarized in Table 1 Parameters of the transmembrane potential recorded from the S-and the A-region were compared in preparations exposed to various concentrations of Ba 2 + . Preparations were driven electrically at a frequency of 1/sec 3) . At the S-region in 4 of 12 preparations exposed to Ba 2+ in concentrations insufficient to produce automaticity (1 mM or higher in preparations in which automaticity was produced at 2 mM or higher), each electrical stimulus elicited slow depolarization, which developed until a level of firing action potentials was attained (Fig. 4C ). In the remaining eight, slow depolarization was not produced, but excitation appeared after a short latency (Fig. 4B) . Pacemaker action potentials, characterized by slow depolarization during diastole and smooth transition from slow depolarization to upstroke, were obtained from the S-region in all 12 preparations exposed to threshold concentrations of Ba 2+ (Fig. 4D ). Further increase in [Ba 2+ ]o did not produce appreciable alterations in the action potential configuration. However, the slope of diastolic depolarization was increased with increasing [Ba 2 + ]o, resulting in acceleration of the spontaneous rate. At the A-region, the latency from stimulation artifact to atrial excitation was markedly prolonged by [Ba 2 + ]o 1 mM less than threshold concentrations (from 12.4 ±2.5 msec, n = 102, to 81.5 ± 7.4 msec, n=108) and the rise time was also prolonged (from 6.1 ± 0.4 msec, n = 102, to 22.6 + 1.3 msec, n=108). Pacemaker action potentials were obtained from fibers of the A-region in 8 of 12 atria exposed to threshold concentrations of Ba 2 + , whereas in the remaining 4, slow depolarization during diastole was not observed. Atrial fibers from which action potentials of this kind were recorded would be quiescent until driven either by other cells or by electrical stimuli. In action potentials recorded from these fibers of the A-region, the 10% and 90% durations were shorter and the magnitude of the maximal diastolic potential was larger than in those recorded from fibers in which pacemaker activity was induced. Pacemaker action potentials recorded from the A-and the S-region did not appreciably differ.
In 3 of 15 left atria exposed to Ba 2 " 1 " in concentrations lower than those required for inducing spontaneous activity, electrical stimulation applied at a frequency of 1/sec elicited diastolic depolarization (Fig. 5) . The induced slow depolarization during diastole was abolished after electrical stimulation was terminated. The magnitude of the maximal diastolic potential and of the overshoot was not significantly affected in spite of measurable difference in the level of firing action potentials, whereas the repolarization velocity was considerably slowed in pacemaker action -i-i-i-i-i-i-i-t-i-i-t-i-i-i-i-i-i-i-i-i-i-i-i-i-r 
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FIGURE 5
The production of spontaneous activity by electrical drive stimulation (at 1/sec) potential (Fig. 6 ). Evidence indicating that the size of the overshoot is not dependent on the firing level is also shown in an earlier report (8) .
Electrical drive stimulation applied at 1/sec for 5 seconds to left atrial preparations having Ba 2 + -induced automaticity transiently increased the cycle length (from 2.78 ± 0.20 seconds to 3.41 ±0.35 seconds, n=14) followed by a sustained decrease (from 2.78 ±0.20 seconds to 1.64 ±0.17 seconds, n = 14, P < 0.01). The negative chronotropic response (observed in 8 of 14 preparations) was abolished by 10~° g/ml of atropine. The positive chronotropic response (observed in 13 of 14 preparations) was suppressed by prior treatment with 10-° g/ml of propranolol. The results are illustrated in Figure 7 . In preparations isolated from rabbits previously treated with reserpine, the early postdrive bradycardia (from 2.73 ±0.61 seconds to 3.67 ±1.14 seconds, n = 5) was somewhat enhanced, whereas the late postdrive tachycardia (from 2.73 ±0.61 seconds to 2.60 ± 0.62 seconds, n = 5) was suppressed.
Parameters of the membrane potential from fibers of the S-region showing automaticity were compared under steady-state conditions and during the transitional state when the cycle length was significantly decreased following electrical stimulation applied at 1/sec. The slope of diastolic depolarization was 
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-50 mV FIGURE 9 Electrical and mechanical activity evoked by electrical stimulation (1 /sec) durations and the rise time were prolonged (111 ±3.4 msec, 335 ±11 msec, and 62.1 ±3.7 msec, respectively, n = 84) at zero [Ca 2+ ]o. By adding Ba 2+ to the Ca 2 + -free solution, the size of the overshoot was increased (to 3.7 ± 0.5 mv, n = 68, at threshold concentrations of Ba 2 + ) , and the rise time was shortened (43.1 ±1.4 msec, n = 68), despite a significant reduction in the resting potential (42.7 ±0.4 mv, n = 68). The 10% and 90% durations were markedly prolonged (125 ±5.4 msec and 852 ± 68 msec, respectively, n -68). Marked contrasts of the action potential configuration in the presence and absence of Ba-+ at zero [Ca 2+ ]o are displayed in Figure 8 . The membrane potential sometimes oscillated during the plateau phase when markedly prolonged (Fig. 8B) . However, the depolarized membrane was electrically inexcitable. Action potentials recorded from the S-region of preparations showing automaticity in the solution deprived of Ca ]o, electrical drive stimulation did not produce atrial contraction but electrical activities. By adding Ba-+ , each electrical discharge evoked an individual contraction. When the discharge rate was sufficiently fast (0.5 and 1/sec), summation of the contractions was elicited (Fig. 9) . The increment of tonus was corrected rapidly after electrical discharge had stopped (Fig. 9) (Fig. 10) . In the remaining 3 Mg 2+ produced an intermittent arrest of automaticity. Spontaneous activity was completely abolished by 2 mM Mg 2+ in one of 7 preparations. Table 2 shows effects of Ca 2+ and Mg 2+ on action potentials recorded from the S-region showing Ba-+ -induced automaticity. Excess Ca 2+ caused a decrease in the 10% duration and an increase in the 90% duration. Similar effects of Ca 2+ on action potentials recorded from S-A nodal pacemaker fibers are shown in an earlier report (9) . The level of firing spike potentials was raised and the slope of diastolic depolarization was reduced by an elevation of 
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Jl (10) . It was suggested above that sufficient amount of norepinephrine to facilitate depolarization during diastole could be released in the left atrium under experimental conditions including rapid electrical stimulation. Therefore, studies were undertaken to clarify whether cardiac norepinephrine participated in Ba 2 + -induced automaticity. Pacemaker activity was induced by Ba 2 + in concentrations ranging from 1 to 4 mM in all 6 preparations obtained from rabbits previously treated with reserpine (Table 1) . Threshold concentrations of Ba 2+ for automaticity did not differ. At threshold concentrations the cycle length was prolonged by the reserpine treatment. Further increase in [Ba 2+ ]o markedly shortened the cycle length (Fig. 2) .
Previous treatment with reserpine did not affect parameters of the membrane potential from the S-and the A-region in the control solution. Alterations induced by Ba 2+ in concentrations insufficient to produce automaticity were more marked in preparations from reserpine-treated animals than in those from control preparations. When spontaneous activity was produced, diastolic depolarization was observed in recordings from the S-region in all of 6 preparations and from the A-region in 3 of 6.
In left atria isolated from reserpinized rabbits, a marked prolongation of the action potential plateau was also produced in the Ca 2 + -free, Ba 2 + -containing solution. Parameters of the membrane potential did not significantly differ from those obtained from control preparations.
Discussion
The ability of Ba 2+ to induce spontaneous activity has been demonstrated in fibers of nerves (11) , skeletal muscles (12, 13) , cardiac muscles (1, 2), and smooth muscles (14) which remain quiescent unless driven by other fibers or artificial stimuli. The present study showed slight difference in susceptibility of regions of the left atrium to Ba 2+ that induced automaticity: the A-region of some left atria (one-third of atria studied) was less susceptiCircmUtiaM Risurcb, Vol. XXVII, July 1970 ble to Ba-+ than the S-region. However, no qualitative difference in the membrane effects of Ba 2+ was observed in fibers of the two regions. Sperelakis and Lehmukuhl (15) showed an increase in the membrane resistance of cardiac cells from cultured chick embryo exposed to Ba 2 + , suggesting a decrease in the K + conductance. It is of interest to note that Ba 2+ and K + have the same crystal radius (16) . Both of these ions would be expected to use pores of the same size for movement across the membrane.
It has been shown that a part of the membrane current upon depolarization may be carried by Ca 2+ in ventricular (17) and Purkinje fibers (18 (12) and in vertebrate B and C fibers (11) that Ba 2+ is apparently able to serve as a current-carrying ion. However, during diastole and repolarization, the membrane effects of Ba 2+ contrast with those of Ca 2+ (9, 19, 20 (27) in Purkinje fibers immersed in Tyrode's solution with [Ca 2+ ]o increased to four times normal.
In the present study, electrical drive stimulation applied to atrial preparations showing automaticity caused slowing of the spontaneous rate followed by an acceleration. In dog ventricular preparations postdrive bradycardia was not followed by tachycardia (6) . In rabbits the induced bradycardia was blocked by atropine, whereas the tachycardia was sup-TODA pressed by propranolol and by previous treatment with reserpine. Release of acetylcholine and norepinephrine would be the mechanism for slowing and accelerating the rate, as has been described for the S-A (28, 29) and the A-V node (30) .
The quiescent S-A node shows depolarization when sympathetic nerve is stimulated (10) as in the quiescent Purkinje fibers following a topical application of epinephrine (7, 31) . The production of pacemaker activity by epinephrine or norepinephrine has not been observed in the atrial and ventricular myocardium, which does not contain specialized tissues. Electrophysiologically, atrial preparations soaked in the Ba 2 + -containing solution resemble specialized tissues. This encouraged me to evaluate the role of cardiac norepinephrine in inducing spontaneous activity. Exogenous norepinephrine facilitated the production of automaticity in preparations exposed to Ba 2 + . However, the incidence of Ba 2 + -induced automaticity was not influenced by treatment with reserpine, which caused a marked suppression of the chronotropic response to Tyramine, possibly resulting from a depletion of functional norepinephrine from terminals of sympathetic nerves innervating the heart (32). Reserpine treatment elicited an increase in the cycle length between spontaneous contractions, but it did not affect alterations in the membrane potential induced by increasing concentrations of Ba 2 + . Whether or not excitatory actions of endogenous aeetylcholine, which are resistant to atropine and not mediated by cardiac norepinephrine (33) , are correlated to the induced automaticity remains to be ascertained.
In short, atrial fibers of a region close to the interatrial septum seem to be more susceptible to Ba 2+ than fibers of the atrial appendage. It is postulated that Ba 2+ antagonizes the movement of K + across the membrane, resulting in a decrease in the resting potential and a prolongation of the action potential duration, and that Ba 2+ serves as a current-carrying ion at zero [Ca 2 + ]o. It seems unlikely that cardiac norepinephrine participates in pacemaker activity induced by Ba 2 + .
